The participation of nitric oxide (NO) in the responses of plants towards biotic and abiotic stresses is well established. However, the mechanism involved particularly in cold acclimation-induced chilling tolerance remains elusive. Here we show the cold acclimation induced-chilling tolerance was associated with inductions of nitrate reductase (NR)-dependent NO production, S-nitrosylated glutathione reductase (GSNOR) activity and mitogen-activated protein kinases MPK1/2 activation in tomato plants. Silencing of NR resulted in decreased GSNOR activity and MPK1/2 activation, which subsequently compromised cold acclimationinduced chilling tolerance. By contrast, silencing of GSNOR caused decreased NR activity, increased NO accumulation and MPK1/2 activation, and enhanced cold acclimationinduced chilling tolerance. Furthermore, co-silencing of MPK1 and MPK2 attenuated the NR-dependent NO production and cold acclimation-induced tolerance to chilling. Results from present study suggest the importance of MPK1/2 for the induction of NR-dependent NO generation, while the accumulation of nitrosylated glutathione from NO-derived reactive nitrogen species could potentially Snitrosylate NR. These findings provide new insight into the crosstalk of NO and MPK1/2 in cold acclimation-induced chilling tolerance in tomato plants.
Introduction
Chilling is one of the major abiotic stresses that affect not only plant growth and productivity, but also distribution of plants in temperate climates. To cope with the chilling temperature, plants have developed sophisticated physiological and biochemical adaptation that enables them to survive (Thomashow 2010, Miura and Furumoto 2013) . Cold acclimation is one such adaptation mechanism, where plants enhance their tolerance to cold after pre-exposure to a period of mild low temperatures (Thomashow 2010) . Recent technological breakthrough has advanced our knowledge towards molecular mechanism underlying this adaptive response. For example, components in the inducer of CBF expression (ICE)-C-repeat binding factor/DRE binding factor1 (CBF/DREB1) transcriptional pathway are rapidly induced by cold, which activate expression of downstream cold-responsive (COR) genes by binding to the promoter regions (Thomashow 2010 , Medina et al. 2011 . Generally, several signaling molecules such as cytosolic Ca 2+ (Knight et al. 1996) , abscisic acid (ABA), nitric oxide (NO; Zhao et al. 2009 , Cantrel et al. 2011 , ethylene (Catala et al. 2014) , H 2 O 2 (Prasad et al. 1994 , Zhou et al. 2014 , and mitogenactivated protein kinase (MPK) signaling (Zhou et al. 2014 ) are induced by cold acclimation in plants. However, the in-depth mechanisms underlying this adaptive response are still not completely understood.
NO has been recognized as a critical component in different plant physiological and developmental processes, as well as a key regulator in acclimation responses towards diverse stresses particularly on exposure to low temperature (Corpas et al. 2008 , Zhao et al. 2009 , Cantrel et al. 2011 , Gaupels et al. 2011 , Airaki et al. 2012 . Supportably, exogenous application of sodium nitroprusside (SNP), a NO donor, enhances freezing tolerance, while the suppression of NO accumulation through pharmacological and genetic approach's results in decreased tolerance (Zhao et al. 2009 ). While NO is involved in the regulation of the cold stress response and cold acclimation-dependent chilling or freezing tolerance in plants, the sources of its generation and the regulatory pathway during the process remain divisive. Until now, several potential routes of NO production in plants have been unraveled (Gupta et al. 2011) . In animals, nitric oxide synthases (NOS)-mediated conversion from L-arginine to L-citrulline is the primary pathway for the release of NO. However, the NO's counterparts in plants with similar biochemical characteristics have not been identified, although several candidates for NOS-like enzymes in plants have been examined (Gupta et al. 2011) . Instead, nitrate reductase (NR) is a key player of NO production in plants (Bright et al. 2006 , Wilson et al. 2008 , Chen et al. 2016 . For example, in Arabidopsis thaliana L., the involvement of NR-mediated NO production has been found to be involved in various physiological processes using mutants defective in NR activity as well as NR inhibitors okadaic acid or tungstate (Desikan et al. 2002 , Modolo et al. 2005 , Bright et al. 2006 , Cantrel et al. 2011 .
Unlike NOS and NR, which are positively associated with NO levels in plants (Gupta et al. 2011) , S-nitrosylated glutathione (GSNO) reductase (GSNOR) is involved in the NO removal pathway. NO-derived reactive nitrogen species (RNS) copiously react with glutathione (GSH) to form GSNO, a mobile NO reservoir, which can irreversibly be degraded by GSNOR (Astier et al. 2011 , Shanmugam et al. 2015 . Recently, the role of GSNOR, which modulates NO levels and protein S-nitrosylation by regulating the spatio-temporal availability of GSNO, is emerging in plants (Malik et al. 2011) . Moreover, such mutants showed an elevated NO levels and failed to demonstrate an acclimation response to high-temperature stress (Lee et al. 2008) . Of particular interest, suppressing NO accumulation or GSNOR activity aggravated cold-induced damage to poplar (Populus trichocarpa) leaves (Cheng et al. 2015) . It is argued that the role of GSNOR in plant defense response may differ with NO accumulation and S-nitrosylated proteins such as NPR1, plant species and/or tissues (Salgado et al. 2013) .
MPKs are involved in regulating intracellular signal transduction cascades in plants challenged with diverse, biotic and abiotic stresses viz. drought, salinity, and chilling Klessig 2000, Tena et al. 2011) . It has been confirmed that NO is involved in activating MPK signaling pathways during the plant defense response (Clarke et al. 2000, Kumar and Klessig 2000) . Likewise, NO also functions as a secondary messenger of phytohormones such as indole acetic acid-and ABA-regulated activation of a specific MPK cascade (Pagnussat et al. 2004 , Zhang et al. 2007 ). In Arabidopsis, NO promotes MPK6-mediated caspase-3-like activation in cadmium-induced programmed cell death (Ye et al. 2013 ). However, NO bursts are also regulated by MPK signals in Nicotiana benthamiana (Yoshioka et al. 2003 , Asai et al. 2008 . Recent studies demonstrated that several MPKs are activated in response to stress. For example, cold could activate MPKs in Arabidopsis, tomato, rice (Oryza sativa) and maize (Zea mays) (Xie et al. 2012 , Cai et al. 2014 , Kim et al. 2017 ). In our previous study, we demonstrated the involvement of MPK cascade in acclimationinduced cross-responses to cold stress (Zhou et al. 2014 ), but crosstalk between NO and MPK, if exists, in cold acclimation and subsequent chilling tolerance remains unclear.
Tomato, a thermophilic species with important significance in horticultural industry, is very sensitive to chilling. We previously documented that cold acclimation-induced chilling tolerance in tomato is largely attributed to Respiratory Burst Oxidase Homolog 1-dependent H 2 O 2 production in the apoplast, which subsequently activates MPK1/2 to induce stress responses (Zhou et al. 2014) . As there exists complex crosstalk among H 2 O 2 , NO and MPK in response to stress (Wang et al. 2010) , elucidation of the potential involvement of NO signaling pathway in cold acclimation-induced chilling tolerance would be a new addition to existing research. Therefore, we used tomato as a model plant to monitor NO production and MPK1/2 activation during cold acclimation. We found that cold acclimation induced a NR-dependent NO production, which in turn activated MPK1/2 and eventually conferred chilling tolerance in tomato. Furthermore, GSNOR controlled NO homeostasis to avoid the over-accumulation of RNS during cold acclimation and chilling stress. Our results provided convincing evidences that the tight control of NO homeostasis is critical in cold acclimation-induced chilling tolerance in tomato.
Results
Cold acclimation-induced chilling tolerance is associated with increased NO levels Exposure to cold (4 C) resulted in gradual reductions in the maximal photochemical efficiency of PSII (Fv/Fm) and CO 2 assimilation rate (Pn) in non-acclimated (NA) plants ( Fig. 1A ; Supplementary Fig. S1B ). After 5 d, Fv/Fm decreased from 0.80 to ca 0.10 whilst relative electrolyte leakage (REL) from leaves increased from 12.1% to 82.4%, respectively. Meanwhile, severe wilting was observed ( Supplementary Fig. S1A ). Cold acclimation (CA) at 12 C for 3 days resulted in a reduced Fv/Fm, but eventually improved the tolerance to the subsequent cold as evidenced by higher values of Fv/Fm (ca 0.49) and Pn (ca 6.6 mmol m À2 s
À1
), lower REL (ca 20.8%), and reduced accumulation of oxidized protein over the non-acclimated plants after exposure to a cold at 4 C for 5 days ( Fig. 1A; Supplementary Fig. S1B-D) .
To determine whether cold acclimation-induced chilling tolerance was associated with alteration in NO homeostasis, we used confocal laser scanning microscopy to monitor the changes in NO accumulation. Results showed that cold acclimation induced NO accumulation in leaves but no further increase was found after subsequent exposure to the cold stress (Fig.  1B, C) . Consistent with this, although cold acclimation resulted in increased activity of nitrate reductase (NR), no further significant increase in NR activity was observed during the cold stress (Fig. 1D) . In contrast, cold acclimation-induced enhancement in S-nitrosylated glutathione reductase (GSNOR) activity was continuously increased by the subsequent chilling (Fig. 1E) . In comparison with acclimated plants, non-acclimated plants had lower NO accumulation and the activities of NR and GSNOR respectively after exposure to the cold at 4 C ( Fig. 1B-E) . These results imply that a moderate level of NO was predominantly maintained by NR in cold acclimated plants.
NR and GSNOR are positive and negative regulators of NO accumulation and cold acclimation-induced chilling tolerance NO synthase (NOS) and NR, are the two potential enzymatic sources of NO generation in plants (Desikan et al. 2002 , Gupta et al. 2011 . To explore the source of NO and its dependence in cold acclimation-induced chilling tolerance, we first used pharmacological approach to identify the potential source for its production. Pre-treatment of cold acclimated plants with inhibitors of NOS, namely N G -nitro-L -Arg methyl ester ( L -NAME) and arachidonylglycerol (AG) did not abolish acclimationinduced chilling tolerance as plant growth, Fv/Fm, REL and oxidized protein accumulation, NR activity, and NO accumulation were not statistically different from those in the only cold acclimated plants ( Fig. 2; Supplementary Fig. S2 ). Strikingly, application of tungstate, an NR inhibitor, compromised cold acclimation-induced NR activity and NO accumulation ( Fig. 2C  and D) . As a result, the cold acclimated plants pretreated with tungstate showed decreased tolerance to chilling stress as indicated by the increased REL and oxidized protein accumulation, and the significant decreases in Fv/Fm, as compared to the CA plants ( Fig. 2A; Supplementary Fig. S2B and D) . Meanwhile, transcript of CBF1 was also significantly decreased by tungstate treatment compared with that of either CA alone or NOS inhibitor treatment (Fig. 2B) . These results indicate that NR is a potential source of NO production during cold acclimation, which may contribute to the cold acclimation-induced chilling tolerance.
To provide genetic evidence for the role of NR in cold acclimation-induced chilling tolerance, we applied virus-induced gene silencing (VIGS) to generate plants with a reduced (ca. 60%) NR expression ( Supplementary Fig. S3A ). Silencing of NR (pTRV-NR) abolished the effects of cold acclimation and aggravated the sensitivity towards cold stress as evidenced by the . Different biochemical parameters were analyzed at a different time point as indicated in the figures. NO accumulation in leaves was visualized using NOspecific fluorescent probe, 4-amino-5-methylamino-2 0 , 7 0 -difluorofluorescein diacetate (DAF-2DA), and fluorescence was photographed with a laser scanning confocal microscope (LSCM-500, Zeiss, Germany). Signal intensities were quantified by color histogram analysis. Representative images selected from ten replicates of each treatment were shown in Fig. 1C , where horizontal bars = 50 mm. For other determination, at least four independent biological replicates were conducted. Means denoted by same letter in Fig. 1A are not significantly different according to Tukey's test (P < 0.05). *Differences from control values were significant at P < 0.05.
lower Fv/Fm and CBF1 transcript, and increased REL relative to its empty vector control plants (pTRV) ( Fig. 3A, B ; Supplementary Fig. S4 ). In comparison, exogenous application of sodium nitroprusside (SNP, a NO donor) alleviated the chilling tolerance as evidenced by increased Fv/Fm and transcript of CBF1 and decreased REL in pTRV-NR plants (Fig. 3A, B) . These findings clearly imply the NR functions as a positive regulator for cold acclimation-induced chilling tolerance in tomato plants. Furthermore, pTRV-NR plants had decreased NO accumulation relative to pTRV plants, while foliar application of SNP significantly increased NO accumulation in both TRV and pTRV-NR plants (Fig. 3C, D) . To exclude the potential side effects arisen from SNP, we used potassium ferricyanide (K 3 [Fe(CN) 6 ]), as negative control. Results showed that application of K 3 [Fe(CN) 6 ] did not alter plant growth, REL, transcript of CBF1, and activities of NR and GSNOR under cold or normal temperature conditions ( Supplementary Fig. S5 ), suggesting that NO released from SNP is responsible for the induction of chilling tolerance. All these biochemical observations along with genetic evidence confirmed that NR-dependent NO production is required for cold acclimation-induced chilling tolerance in tomato plants.
As chilling stress induced GSNOR activity ( Fig. 1E) , we then assumed that GSNOR might have a role in chilling tolerance by balancing NO accumulation. To this end, we generated GSNORsilenced (pTRV-GSNOR) plants and investigated the changes of chilling tolerance and NO accumulation with and without cold acclimation ( Supplementary Fig. S3B ). While acclimation induced chilling tolerance and NO accumulation in both pTRV and pTRV-GSNOR plants, however, pTRV-GSNOR plants always showed increased NO accumulation and chilling tolerance, as indicated by the higher Fv/Fm, over the pTRV plants (Fig. 4) . Meanwhile, application of NO scavenger, 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) significantly reduced NO accumulation, transcript of CBF1 and Fv/Fm, but increased REL level in both acclimated and non-acclimated pTRV-GSNOR plants ( Fig. 4 ; Supplementary  Fig. S6 ). Taken together, our results indicate that GSNOR serves as a modulator of NO accumulation and suppressed GSNOR transcript might trigger the accretion of NO, leading to an enhanced tolerance towards chilling in tomato plants.
NO accumulation is balanced by NR and GSNOR in response to chilling
As the silencing of NR and GSNOR showed contrasting effects on NO accumulation in response to cold, we then examined the relationship between NR and GSNOR in the maintenance of its homeostasis in tomato plants. We found that cold acclimation-induced enhancement in NR and GSNOR activity was not observed in NR and GSNOR-silenced plants, respectively ( Supplementary Fig. S7 ). Meanwhile, cold acclimation-induced NR activity was attenuated in pTRV-GSNOR plants (Fig. 5A ). Foliar application of NO scavenger cPTIO further increased cold acclimation-induced activity of NR both in pTRV and pTRV-GSNOR plants. On the other hand, cold acclimation-induced activity of GSNOR was attenuated in pTRV-NR plants only, but got increased by SNP both in pTRV and pTRV-NR plants (Fig. 5B ). All these results strongly suggest that NR activity and GSNOR activity are both NO-dependent. While NO generated by NR induces GSNOR, increased accumulation of NO or RNS by transcriptional suppression of GSNOR could downregulate activity of NR. To examine whether NR and GSNOR are subjected to the regulation by NO-derived GSNO, we tested the effect of GSNO on the activities of GSNOR and NR in vitro. As shown in Supplementary Fig. S8 , GSNO inhibited the activities of GSNOR and NR in a dose-dependent manner, but such inhibitory effects were reversed by DTT, indicating that the effect of GSNO relies on the thiol-based redox status. Compared with NR, GSNOR activity showed more stability in the presence of low concentration of GSNO. Then, we used a biotin switch method to determine whether NR and GSNOR could be S-nitrosylated in the presence of GSNO. As shown in Fig. 5C , GSNO induced S-nitrosylation of NR and GSNOR in a dose-dependent manner, and application of DTT abolished the GSNO induced S-nitrosylation. Significantly, the accumulation of S-nitrosylated NR protein was observed at low GSNO dose (50 mM) and increased gradually with concentration. In comparison, S-nitrosylation of GSNOR occurred only at high concentration (200 and 500 mM) of GSNO. These results indicate that NR is more easily to be S-nitrosylated relative to GSNOR under the physiological conditions, further confirming that NO is under tight control of NR and GSNOR in tomato plants. Taken together, our results not only indicate an important role of NR and GSNOR in the maintenance of NO homeostasis, but also a feedback control of NO accumulation on NR and GSNOR in response to cold acclimation.
NO is required for cold acclimation-induced MPK1/2 transcript and activation
Until now, the functions of MPKs in plant response to biotic stresses have been well studied, however, information about their role in abiotic stress is limited. As NO is involved in the regulation of both biotic and abiotic stress, studies on the relation of MPKs and NO are highly warranted as such a relation is not clear in plants. Previous studies have demonstrated an involvement of MPK1/2-dependent signaling cascade in cold acclimation-induced chilling tolerance (Zhou et al. 2014) . Here, we therefore determined the relationship between NO accumulation and MPK1/2 activation in cold acclimation-induced chilling tolerance. Firstly, we found that, cold acclimationinduced transcript accumulation of either MPK1 or MPK2, and MPK1/2 activation was decreased by the cPTIO treatment but was further increased by SNP treatment ( Supplementary  Fig. S9 ). We then examined the MPK1/2 activation state and transcripts of MPK1 and MPK2 in NR-and GSNOR-silenced plants coupled with SNP and cPTIO treatment, respectively. . NO accumulation and signal intensities were estimated as described in Fig. 1B , C. Fv/Fm was determined at 5 days, while transcripts of CBF1 and NO accumulation were assayed at 3 days after the commencement of chilling treatment. SNP at 500 mM was applied at 12 h before the cold acclimation treatment. Data are mean ± SD of four biological replicates. Different letters indicate significant difference at P < 0.05 according to Tukey's test. For confocal scanning image, 10 plants were used in each treatment and the picture of one representative leaf is shown. Horizontal bars = 50 mm.
Results showed that silencing of NR abolished not only acclimation-induced cold tolerance, but also the transcript of MPK1 and MPK2 as well as MPK1/2 activation and such effects were rescued by the application of a NO donor, SNP (Fig. 6) . In contrast, silencing of GSNOR not only increased the effectiveness of cold acclimation on chilling tolerance, but also had a more significant effect upon the induction of the transcript of MPK1 and MPK2 as well as MPK1/2 activation (Fig. 6) . However, such effects were mostly attenuated with the foliar application of cPTIO in pTRV-GSNOR plants. Accordingly, MPK1/2 activation is positively and negatively regulated by NR and GSNOR, respectively, which is mediated by NO levels under chilling stress.
Role of MPK1/2 in cold acclimation-induced chilling tolerance and NO production
To examine the requirement of MPK1/2 in cold acclimationinduced NO production and subsequent chilling tolerance, we co-silenced MPK1 and MPK2 in tomato seedlings and analyzed the changes in the tolerance to a chill, NO production, activity of NR and GSNOR and transcript of CBF1. qRT-PCR analysis showed that transcripts of MPK1 and MPK2 were reduced by 67.7% and 62.8% in pTRV-MPK1/2 plants, respectively ( Supplementary Fig. S3C ). Significantly, cold acclimated pTRV-MPK1/2 plants showed an increased sensitivity to the chill compared with pTRV plants, as evidenced by decreased Fv/Fm and increased REL after exposure to a chilling at 4 C (Fig. 7A, B) . Silencing of MPK1/2 also resulted in a reduction in CBF1 transcript in acclimated plants relative to pTRV control plants (Fig. 7C) . Meanwhile, pre-treatment with the NO donor SNP led to increased chilling tolerance and transcript of CBF1 in pTRV control plants, but co-silencing of MPK1/2 attenuated SNP-induced chilling tolerance and transcript of CBF1.
Importantly, acclimation-induced activity of NR and GSNOR, and NO accumulation were significantly attenuated by the co-silencing of MPK1 and MPK2 ( Fig. 7D-F ; Supplementary Fig. S10 ). Activities of NR and GSNOR were reduced by 23.3% and 17.5% in pTRV-MPK1/2 plants, respectively, compared to pTRV control plants after the cold acclimation (Fig. 7E, F) . Meanwhile, pretreatment with SNP increased , non-acclimated (NA) and coldacclimated (CA) tomato plants. GSNOR-silencing was carried out by virus-induced-gene-silencing (VIGS). cPTIO at 500 mM was applied at 12 h before the cold acclimation treatment. The false color code depicted at the right side of the Fv/Fm image ranges from 0 (black) to 1 (purple). NO accumulation and signal intensities were estimated as described in Fig. 1B , C. Fv/Fm was determined at 5 d, while transcripts of CBF1 and NO accumulation were assayed at 3 days after the commencement of chilling treatment. Data are mean ± SD of four biological replicates. Different letters indicate significant difference at P < 0.05 according to Tukey's test. For confocal scanning image, 10 plants were used in each treatment and the picture of one representative leaf is shown. Horizontal bars = 50 mm.
NO concentration but decreased activity of NR in MPK1/2-silenced plants (Fig. 7D-F) . Furthermore, compared with acclimated pTRV plants, GSNOR activity was decreased by MPK1/2 silencing, but slightly increased by pre-treatment with SNP. These findings imply not only the importance of NO-activated MPK1/2 in acclimation-induced cold tolerance but also a role for MPK1/2 in the regulation of NO homeostasis in cold response.
Discussion
The involvement of NO in response to cold has been reported in numerous plant species (Corpas et al. 2008 , Zhao et al. 2009 , Cantrel et al. 2011 , Puyaubert and Baudouin 2014 . However, the detail molecular mechanism underlying NO-dependent chilling tolerance induced by cold acclimation is far from being unraveled. The results presented here revealed the active involvement of NO in cold acclimation-induced chilling tolerance, described herein, is likely to be a result of NR-and GSNOR-mediated endogenous NO homeostasis and crosstalk between NR and MPK1/2.
NR-dependent NO signaling plays an important role in cold stress signaling in tomato
Plants accumulate NO in response to chilling or freezing temperature (Corpas et al. 2008 , Zhao et al. 2009 , Cantrel et al. 2011 , Cheng et al. 2015 . In our study, we found that cold acclimation-induced chilling tolerance was associated with an increase in NO accumulation. Meanwhile, inhibition of NO accumulation by chemical scavenger or inhibition of NO generation by chemical inhibitor or NR silencing, all abolished cold acclimation-induced chilling tolerance but could be rescued by foliar application of NO donor SNP. These results provided convincing evidence for the essential role of NO in cold acclimationinduced chilling tolerance in tomato plants.
With respect to NO generation, plants have several potential sources for NO synthesis, including the NR enzyme and NOSlike enzyme pathways, and non-enzymatic pathways (BessonBard et al. 2008 , Gupta et al. 2011 ). Until now, most studies supported that cold induced NO synthesis in plants is dependent on the induction of NR activation (Zhao et al. 2009 , Cantrel et al. 2011 , Cheng et al. 2015 . In Arabidopsis, double mutants defective for NR genes (nia1nia2) are more susceptible to low temperatures and produce lower level of NO compared to the wild type plants (Zhao et al. 2009 ). Consistent with this, cold exposure-triggered NO accumulation is accompanied by a stimulation of NR activity and transcription in Arabidopsis and citrus (Citrus reticulate; Zhao et al. 2009 , Cantrel et al. 2011 , Ziogas et al. 2013 . Similarly, we found that cold acclimation induced an increase in NO accumulation, together with stimulation in NR activity and NR gene transcription, while NO accumulation was reduced by treatments with NR inhibitors or silencing of NR. Therefore, we conclude that NR is mainly responsible for the cold acclimation-induced NO accumulation. The CBF pathway is a key factor in the cold response in plants ( Thomashow 2010 ). In our study, cold acclimation-induced NO accumulation was accompanied by up-regulation of CBF1 transcript, while inhibiting or silencing of NR compromised cold acclimation-induced chilling tolerance and transcript of CBF1. These findings suggest that CBF pathway is NO responsive as observed in other studies (Cantrel et al. 2011 , Zhao et al. 2011 , Kashyap et al. 2015 . Taken together, these findings indicate that the cold acclimation-triggered NO production may contribute to chilling tolerance by up-regulating NR activity and NO is involved in the regulation of CBF signaling pathway. 
The relation of NR and GSNOR in NO homeostasis in response to cold acclimation
Although NO exerts important beneficial effects on many biological systems, an excess of NO or RNS accumulation may be toxic to the cells, leading to apoptosis or necrotic cell death (Brown 2007) . Thus, maintaining NO homeostasis is essential for its signaling functions under different physiological or stressful conditions. In plants, the overall NO content reflects the equilibrium between NO formation and NO degradation, which is assumed to be strictly controlled by NR and GSNOR to avoid the over-accumulation of RNS (Salgado et al. 2013 , Cheng et al. 2015 . We found that NR and GSNOR activities were both increased in response to cold acclimation, together with an increase in NO level. This is consistent with other studies that NR and GSNOR protein abundance or activity could be up-regulated by chilling, high temperature and mechanical wounding in different crop species (Corpas et al. 2008 , Airaki et al. 2012 , Kubienova et al. 2014 , Cheng et al. 2015 . Importantly, silencing of NR and GSNOR resulted in contrasting effects on the NO accumulation and chilling tolerance, suggesting that NR and GSNOR are positive and negative regulators, respectively of NO accumulation and chilling tolerance (Figs 3  and 4) . It is highly plausible that NR-mediated NO formation was more active than GSNOR-mediated NO removal, which resulted in an increased NO accumulation after the cold acclimation.
Although GSNOR is assumed to be involved in the regulation of NO homeostasis, little is known regarding the function of GSNOR in plant stress response (Salgado et al. 2013 ). Arabidopsis plants with reduced GSNOR activity (by 50%) display enhanced resistance to Peronospora parasitica (Rusterucci et al. 2007 ). In our study, GSNOR silencing-induced NO accumulation was associated with reduced photoinhibition during chilling stress, providing evidence for the role of GSNOR-regulated NO homeostasis in cold acclimation-induced chilling tolerance. Given that GSNOR silencing-induced NO accumulation and chilling tolerance could be abolished by cPTIO and NR silencing-induced reduction in chilling tolerance could be rescued by SNP, these two enzymes function coordinately to maintain the NO homeostasis in the cells, leading to a subsequent response to the acclimation and chill. Therefore, GSNOR is not only important in the response of plants to biotic stress, but also play a crucial role in abiotic stress response.
A tight regulation of NO homeostasis is critical for the finetuning of plant growth, development and stress response. In our in vitro experiments, NR and GSNOR were both S-nitrosylated by GSNO in a dose-dependent manner accompanied by decreasing activities ( Fig. 5C; Supplementary Fig. S8 ). The higher degree of NR S-nitrosylation at the low doses of GSNO relative to GSNOR suggests that NR S-nitrosylation happens more commonly or earlier than GSNOR S-nitrosylation under physiological conditions. We argue that NR plays a more 
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Fig . 6 Nitric oxide (NO) is required for cold acclimation-induced MPK1/2 activation. Changes in (A) MPK1 and (B) MPK2 transcripts and (C) MPK1/2 activation in NR-or GSNOR-silenced plants as influenced by SNP and cPTIO pretreatment, respectively. SNP or cPTIO was applied at 500 mM at 12 h before the cold acclimation treatment. For western blot, protein was stained with acid ponceau as loading control. MPK1/2-silenced plants were as negative control. The experiments were performed three times but yielded similar results. Leaf samples were taken at 3 days after the commencement of chilling treatment. Data are mean ± SD of four biological replicates. Means denoted by the same letter did not significantly differ at P < 0.05 according to Tukey's test. Control, plants grown under 25 C; CA, cold acclimated plants.
important role than GSNOR in the maintenance of NO homeostasis in the adaptation to cold.
The relation of NO and MPK cascade in response to cold acclimation
Although several studies have revealed an interesting relationship between NO and MPK activation in plants in response to various stresses or stimuli, the crosstalk between MPK and NO during cold acclimation, however, is not yet clear. Our previous study reported that MPK cascade is involved in cold acclimation-induced chilling tolerance (Zhou et al. 2014) . Here, we found that acclimation-induced NO accumulation played a role in cold response by activating MPK1/2. As compared to pTRV plants, NR silencing reduced MPK1/2 activation whilst GSNOR silencing increased MPK1/2 activation (Fig. 6) . Further evidence for the role of NO in the activation of MPK1/2 comes from the reversibility of MPK1/2 activation by SNP and cTPIO in NR-and GSNOR-silenced plants or WT plants. In support of the role of NO-dependent MPK1/2 activation in cold response, SNP had less effects on alleviating chill-induced photoinhibition and membrane peroxidation in MPK1/2-silenced plants as compared to that in pTRV plants (Fig. 7A, B) . NO has also been found to activate MPKs in plants in other cases (Pagnussat et al. 2004 , Asai et al. 2008 , Wang et al. 2010 . Therefore, it seems that NO is a universal activator for MPK signaling in plant growth, development and stress response. MPK cascades are also important regulators for NO production (Asai et al. 2008 , Wang et al. 2010 , Tena et al. 2011 . Fig. 7 Influence of MPK1/2 co-silencing and exogenous SNP on Fv/Fm, REL, relative expression of CBF1, NO level, activity of NR and GSNOR with regard to cold acclimation-induced chilling tolerance in tomato plants. SNP was applied at 500 mM at 12 h before the cold acclimation treatment. Leaf samples were taken at 3 days after the commencement of chilling treatment for the determination of CBF1 (C), NO (D), NR (E), and GSNOR (F) at 5 days after commencement of chilling treatment for the determination of Fv/Fm (A) and REL (B). The false color code depicted at the bottom of the Fv/Fm image ranges from 0 (black) to 1 (purple). NO accumulation was estimated as described in Fig. 1C . Values are means ± standard deviation (SD) (n = 4). Means denoted by the same letter did not significantly differ at P < 0.05 according to Tukey's test. For confocal scanning image, 10 plants were used for each treatment and the picture of one representative leaf is shown. Horizontal bars = 50 mm. Control, plants grown under 25 C; CA, cold acclimated plants.
For example, MEK2-SIPK/NTF4 cascade controls the NOA1-mediated NO burst in defense responses to pathogens (Asai et al. 2008) . MPK6 in Arabidopsis, a homologue of MPK1 in tomato, can phosphorylate nitrate reductase2 (NIA2) at the serine 627 in hinge 2 region, which in turn increases NR activity and NO production in response to H 2 O 2 during Arabidopsis root development (Wang et al. 2010) . Interestingly, silencing of MPK1/2 abolished cold acclimation-induced NO accumulation, activity of NR, as well as chilling tolerance in our study (Fig. 7) . Thus, MPK1/2 are also important in maintaining NO generation by NR during cold acclimation.
Taken together, we demonstrate that cold acclimation can trigger a NR-dependent increase in endogenous NO level. GSNOR plays an important role in NO homeostasis during cold acclimation (Fig. 8) . The modestly elevated NO may act as a signal to induce activation of MPK1/2 and transcript of CBF1, which in turn confers tolerance of tomato to chilling. Meanwhile, MPK1/2 are important regulators for NR-dependent NO production. These findings provide new insights into cold acclimation-induced crosstalk between NO and MPK in tomato tolerance to chilling.
Materials and Methods

Plant material and virus-induced gene silencing (VIGS)
Seedlings of tomato (Solanum lycopersicum L. cv. Condine Red) were grown in pots with a mixture of 3 parts vermiculite to 1 part peat, receiving Hoagland's nutrient solution daily. The growth conditions were as follows: 12 h photoperiod, temperature of 25/20 C (day/night), and photosynthetic photon flux density (PPFD) of 600 mmol m À2 s
À1
. The tobacco rattle virus (TRV)-based vectors (pTRV1/2) were used for the virus-induced gene silencing (VIGS) of tomato genes (Liu et al. 2002) . The PCR fragments for silencing NR, GSNOR and co-silencing MPK1/2 were PCR-amplified using the gene-specific primers listed in Supplementary Table S1 . The amplified PCR fragments were digested with EcoRI and BamHI, XbaI and BamHI, SacI and XhoI, respectively, and ligated into the corresponding sites of the pTRV2 vector. All constructs were confirmed by sequencing and subsequently transformed into Agrobacterium tumefaciens strain GV3101. VIGS was performed by infiltration into the fully expanded cotyledons of 15-d-old tomato seedlings with A. tumefaciens harboring a mixture of A. tumefaciens carrying pTRV1 and pTRV2 derivative (1:1, v/v, OD 600 = 0.6). Empty pTRV2 vector was used as a control. The plants were then grown at 21 C in a growth chamber with a 12 h day length for 30 days before using them for experiments (Ekengren et al. 2003) . Quantitative PCR (qRT-PCR) analysis was performed to evaluate the gene silencing efficiency.
Cold acclimation and chilling stress treatments
Plants at the 5-leaf stage were used in all experiments, which were carried out in controlled environment growth chambers. For the cold acclimation (CA) treatment, plants were exposed to an aerial temperature of 12 C with 12/12 h light/ dark cycle under 600 mmol m À2 s À1 and 85% humidity. The cold acclimation treatment lasted for 3 days. Then, acclimated (CA) and non-acclimated (NA) plants were challenged with 4 C for 5 days under 600 mmol m À2 s À1 PPFD, referred as chilling stress treatment. There were four replicates in each treatment, and each consisted of 16 plants.
To determine the role of NO in cold acclimation-induced chilling tolerance, tomato seedlings at the 5-leaf stage were first pretreated with 500 mM sodium nitroprusside (SNP, a NO donor), 500 mM potassium ferricyanide (K 3 [Fe(CN) 6 ], (a chemical compound having a structure similar to SNP but lack the ability to produce NO), 500 mM arachidonylglycerol (AG, an inhibitor of NO synthase), 500 mM N G -nitro-L -Arg methyl ester ( L -NAME, a specific inhibitor of NO synthase), 500 mM tungstate (an inhibitor of NR), and 500 mM 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO, a scavenger of NO) as foliar spray. Twelve hours after the pre-treatment, the plants were transferred to growth chambers for the cold acclimation treatment at 12 C for 3 d and then exposed to 4 C for 5 days.
Chilling tolerance assays
The maximum quantum yield of PSII (Fv/Fm) was measured using an Imaging-PAM Chlorophyll Fluorimeter equipped with a computer-operated PAM-control unit (IMAG-MAXI; Heinz Walz, Effeltrich, Germany), as previously described (Zhou et al. 2012) . The saturated CO 2 assimilation rate was determined with an infrared gas analyzer based portable photosynthesis system (LI-6400; LI-COR, Lincoln, NE, USA). The air temperature, relative humidity, CO 2 concentration and PPFD were maintained at 25 C, 85%, 380 mmol mol À1 and
, respectively. Relative electrolyte leakage (REL) was determined as previously described elsewhere (Cao et al. 2007 ). Levels of oxidized proteins in the leaves were assayed by immunoblot detection using an OxyBlot protein oxidation detection kit (Chemicon International, Temecula, CA, USA), according to the manufacturer's instructions.
Measurements of endogenous NO levels, NR and GSNOR activity NO accumulation was detected by confocal microscopy using the NO-specific fluorescent probe, 4,5-diaminofluorescein diacetate (DAF-2DA), as previously described elsewhere (Zhao et al. 2009 , Capone et al. 2013 . Briefly, leaf sections (5 by 5 mm) were mixed with 10 mM DAF-2DA prepared in 10 mM Tris-HCl (pH7.4) and incubated in dark at 37 C for 30 min. After washing off redundant probe with 10 mM Tris-HCl, the fluorescence was observed under a laser scanning confocal microscope (Leica TCS SL; Leica Microsystems, Wetzlar, Germany) at an excitation wavelength of 488 nm and an emission wavelength of 525 nm. Treatments were repeated 10 times. Signal intensities of green fluorescence in the images were quantified by Image J-software (NIH, Bethesda, MD, USA). NO-derived reactive nitrogen species deliberately react with glutathione (GSH) to form GSNO, a mobile NO reservoir, which can then be irreversibly degraded by the enzyme GSNOR. Thus, GSNOR plays an important role in NO homeostasis during cold acclimation; however, NR S-nitrosylation happens more commonly or earlier than GSNOR Snitrosylation. The modestly elevated NO may act as a signal to induce activation of MPK1/2 and transcript of CBF1 which in turn confers chilling tolerance. On the other hand, MPK1/2 are also important for the induction of NR-dependent NO generation and subsequent chilling tolerance.
GSNO
Values were corrected for background. Data were presented as the means of fluorescence intensity relative to the control plants.
Nitrate reductase (NR) was assayed as described by Foyer et al. (1998) with some modifications. NR was extracted from 0.3 g leaf tissue in a mortar with liquid N and then mixed with extraction buffer (10 mM HEPES-KOH, pH 7.5, 5 mM DTT, 1 mM Na 2 MoO 4 , 10 mM FAD, 1% PVP, 2 mM b-mercaptoethanol, and 5 mM EDTA). The homogenate was centrifuged at 4 C for 15 min at 12,000 g. The supernatant was used for NR activity assay. The reaction mixture consisted of 100 mM HEPES-KOH buffer, pH 7.5, 5 mM KNO 3 , and 0.25 mM NADH (fresh made). The reaction was terminated after 25 min by adding an equal volume of sulfanilamide [1% (w/v) in 3 M HCl] and then N-(1-naphthyl)-ethylenediamine dihydrochloride [0.02% (w/v)] to the reaction mixture, and the absorbance at 540 nm was measured with a spectrophotometer. The NR activity was expressed as nmol of NO 2 -produced per minute and per milligram of protein.
The activity of GSNOR was measured as described previously (Sakamoto et al. 2002) . GSNOR was extracted using buffer (50 mM HEPES, pH 8.0; 20% glycerol; 10 mM MgCl 2 ; 1 mM EDTA; 1 mM EGTA; 1 mM benzamidine; and 1 mM "-aminocaproic acid). The homogenate was centrifuged at 4 C, 16,000 g for 15 min and the supernatant was desalted using spin columns (ThermoFischer Scientific, Rockford, IL, USA). The reaction system was as follows: 30 mL protein samples, 300 mL reaction buffer (20 mM Tris-HCl, pH 8.0, 0.2 mM NADH, 0.5 mM EDTA), and 400 mM GSNO. The activity of GSNOR was determined by monitoring the decomposition of NADH at 340 nm. The background NADH oxidation by protein extract in the absence of GSNO was measured at the same time.
To investigate the effect of S-nitrosylation on the NR and GSNOR enzyme activities, recombinant proteins were prepared in vitro (as shown in 'Biotinswitch assay of NR and GSNOR in vitro' in the following section). Protein concentrations were determined, and 800-1000 ng recombinant proteins were incubated with a range of concentrations of S-nitrosylated glutathione (GSNO) for 20 min in the dark, and then desalting spin columns (Thermo Fischer Scientific, Rockford, IL, USA) were used to remove redundant GSNO. Activities of NR and GSNOR were measured subsequently.
Biotin-switch assay of NR and GSNOR in vitro
For protein expression in vitro, the CDS regions of NR and GSNOR in tomato were amplified and inserted into the plasmid pET-28a with the primers listed in the Supplementary Table S1 . After induction of protein expression by IPTG in Escherichia coli BL21 cells, the recombinant His-tagged proteins were purified using Ni-NTA His-Bind Resin (Novagen, Darmstadt, Germany) following the manufacturer's manual. Biotin-switch assay was performed as previously described (Forrester et al. 2007 , Yang et al. 2015 with minor modifications. Recombinant proteins were incubated with a range of concentrations of S-nitrosylated glutathione (GSNO) for 20 min in darkness, and GSNO was removed with acetone precipitation. Treatment with the reducing agent (DTT, 20 mM; Sigma-Aldrich, St. Louis, MO, USA) after GSNO incubation was carried out for 1 h under the same conditions, to check reversibility of the modification. The resulting proteins were blocked by MMTS (SigmaAldrich, St. Louis, MO, USA), and the S-nitrosylated cysteines were labeled by biotin in the presence of HDPD-biotin (Pierce, Rockford, IL, USA) and sodium ascorbate (Sigma-Aldrich, St. Louis, MO, USA). The S-nitrosylated proteins were detected by immunoblot using the anti-biotin antibody (Cell Signaling Technology, Boston, MA, USA).
MPK1 / 2 activation assay
Tomato MPK1 and 2 were extracted according to Zhang and Klessig (1997) . Samples were ground to fine powder in liquid nitrogen and solubilized in extraction buffer (100 mM HEPES, pH 7.5, 5 mM EDTA, 5 mM EGTA,10 mM DTT, 10 mM Na 3 VO 4 , 10 mM NaF, 50 mM b-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, 5 mg mL À1 antipain, 5 mg mL À1 aprotinin, 5 mg mL À1 leupeptin, 10% glycerol and 7.5% polyvinylpolypyrrolidone). The extracts were centrifuged at 12,000 g for 20 min. Denatured protein extracts were then separated by 12.5% SDS-PAGE and blotted onto PVDF membrane (BioRad, Hercules, CA, USA). Immunoblots were blocked in 5% (w/v) BSA in TBS-Tween (0.1%) for 1-2 h. The activated state of MPK1/2 was detected using anti-p42/44 MPK primary antibody (1:1000, Cell Signaling Technology, Boston, MA, USA), which detects both MPK1 and MPK2, followed by anti-rabbit-HRP conjugated secondary antibodies (Cell Signaling Technology, Boston, MA, USA) (Nie et al. 2013 , Zhou et al. 2014 .
Total RNA extraction and gene expression analysis
Total RNA was extracted from tomato leaves using RNAsimple Total RNA Kit (Tiangen, Beijing, China) according to the manufacturer's instructions. Residual DNA was removed with DNase Mini Kit (Qiagen, Hilden, Germany). One microgram of total RNA was reverse transcribed using a ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan), following the manufacturer's recommendation. The gene-specific primer pairs, as shown in Supplementary Table S2 , were designed on the basis of EST sequences and used for amplification. qRT-PCR was performed using a Roche LightCycler 480 real-time PCR machine (Roche, Basel, Switzerland). The PCR reaction was run at 95 C for 3 min, followed by 40 cycles of de-naturation at 95 C for 30 s, annealing at 58 C for 30 s and extension at 72 C for 30 s. Relative transcript level was calculated according to the method of Livak and Schmittgen (2001) . The tomato Actin was used as a reference gene.
Statistical analysis
The experimental design was a completely randomized block design with four replicates. Each replicate comprised of 16 plants. Data were statistically analysed using analysis of variance (ANOVA), and tested for significant (P<0.05) treatment differences using Tukey's test.
